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Introduction to Neutrino oscillations
Introduction to T2K

Ve appearance result with Run 1-4 data

vu disappearance result with Run 1-3 data
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Neutrino flavors and mixing
and neutrino oscillation

(Maki-Nakagawa-Sakata-Pontecorvo Matrix)

Ve Vi 1 0 0 cosé, 0 sin (913 cos6, sinf, O0\/v,
Vi |=U,| V2 =|0 cosf,, sinb, | 0 1 0 ‘| -sinf, cosl, O] v,
V. Vs 0 -sin#,; cosf,| |-sin 6’10 cosé, 0 0 1)\ v,

Atmospheric v, Reactor v, Solar v,

Accelerator v experiments Accelerator v, Reactor v

(K2K, MINOS, T2K..) Atm. v

0,5 = 45° + 6° 0,,=9.1°+06°  9;,=33.6°+1.0°

2~ 3(a\/2 _ ) AmZ2.. ~ 8x10>(eV?
Am?y3~ 2.4x10°(eV?) | First non-zero 0,5 is 12 (V)

indicated by T2K,2011.

P(v, = vy)=0,-4 I Re(UUU, Uy ) sin® @y x2- 3 Im(U,U,U, U, ) sin* 20,
i>] i>j

O, = Am;L/4E
e 0Ocp, mass hierarchy is unknown
* Imaginary part can only accessible by appearance channel (a=f)



T2K (Tokai to Kamioka) Long-Baseline Neutrino
Oscillation Experiment

First Long baseline experiment with Intensive off-axis v, beam

Mt.Noguchi-Goro Dake
2.924m J-PARC
o Near r

Physics Goals:

* Discovery of v, = v, appearance

* Precise measurement of v, disappearance

d(Am?2,5)~1x10* eV?, (sin%26,;)~0.01




Flux & spectrum measurement at Near
Neutrino detectors = Constraint on Model

extrapolation

»

Expectation

Far Detector

Carbon Target & :
D Focusing Horns  u monitor gs:(:;'tr;cr)s vV Comparison (SK)
D 1_“ ___________ M ______
30GeV == g@ T 5y N | 1
protons T T = > SK SK
fom | : : « N,>*(obs), E,>* (obs)
J-PARC M
Om 118m 280m

* Quasi-Monochromatic (peaked at
600MeV)

 Main interaction is Charged Current
Quasi-Elastic (CCQE, v+n =2 I + p)

**** Oscillation Probability |
@ L=295km
Am?=2.5x%1073,

[Probability]

OA0°
OA2°

OA3°

Off Axis = 2.5° is selected.

Off-axis v detector (ND280)

0.2T magnet field

Tracker n

/—j

* Fine-Grained Detectors (FGDs)
Scintillator strips, 1.6t fiducial ta
e Time Projection Chamber (TPCs)

event display

TpC FGD

rget, Detailed vertex info.

Gas ionization, Momentum by curvature, PID by dE/gx



T2K Far detector: Super-Kamiokande IV

e

L

Y
= ‘i

Event Display =

Inner
Detector

(ID)
Outer . _
“ Detector atmosp -h-e.-r-'-(.:- neutrinos
| (OD) pgof.  STked191 <> muondike3tio 1 e 451 gcceptance,
: o 1 very efficient %/e
200 ]

] separation.

1 * High Particle ID (u/
1 e) power (~¥99% at
600MeV/c)

v 1 < Good energy
Sl raconstruction.

2 0 6 8 10
PID likelihood sub-GeV 1ring (FC)

Ring-imaging Water Cherenkov Detector,
located at 1000m underground, Kamioka-  1sof-
Mine, Gifu-pref. Japan '

22.5kton Fiducial Volume.
SK-I had started 1996, over 10yr operation. }..,;\
SK-IV with deadtime-less DAQ : 2008~ o

100

50~

Particle Identifier 7



Delivered # of protons

Number of events/(250MeV)

700
600
500
400
300
200
100

0

T2K Data Taking

x10' .
Delivered POT (Good Spill) .
. 250 =
O Proton per pulse (Good spill) -
| i " | =
— SRR o
- 43,200 2
< i 8_
— Y I R R 150
= f S
— -y ’-y J 8
- RS 1100 2
in E 150
R PR i
ff At A :.': _.)‘ . . f
T oy NV TRV TRET PSRt TP TYRTI FOTSTET TURTT TR FYRTT VT ST vl PO TN T, :|0
2010 2010 2011 2012 2012 2012 -
Jul/02 Dec/31 Jul/02 Jan/01 Jul/01 Dec/31 _. @
Time
Neutrino2012 analyzed SO far —Gm—
<] —+— RUNI1-3 c}glta .
e PO * JPARC has been stably running.
kg.v,+v, CC
e s cC * Beam power reached at 235kW.
MC .
11 events over
3.3+0.4(sys.) bkgs * Very stable operation of neutrino detectors.
[ ]

1000
Reconstructed v energy (MeV)

2000 . 3000

Previous appearance result (2013) is based on
3.01x10%° POT. = 6.39x10%° POT 8



T2K Analysis Strategy

v Flux Prediction v Interaction Model
e Based on Hadron int. model with e NEUT as a baseline
NA61/SHINE measurements .

Uncertainties are estimated

e T2K beamline measurement from external data

ND280 Constraint on

Model Parameters
Measurement >

VMCC enhanced
samples are utilized
to constraint model

parameters.
Intrinsic v, and NC Comparison &
n® measurements as extract v osc. parameters

cross-check

Observation at Super-Kamiokande



Constrained v Flux at Far Detector
and v Cross Section Parameters

SK Vu Flux

Fitted Normalization
(V8]
IIIIIIIIl]IIIIIIII

T T T

- Prior to ND280 Constraint
After ND280 Constraint

After ND280 Constraint (2012)

IIIII|]III|IIII

MAQE (GeV) 1.21 +
MARES (GeV) 1.41+
CCQE norm. 1.00+
CClmtnorm. 1.15+

1.22 £
0.96 +
0.96 +

0.07
0.06
0.08

1.22 £

0.16

Fitted Normalization
(%)
III’IIII]]IIIIIIII

| SK v, Flux |

- Prior to ND280 Constraint

T

After ND280 Constraint
After ND280 Constraint (2012)

IIIIII|]III|IIII

1.27+0.19
1.22+0.13
0.95+ 0.09
1.37£0.20

1 10
E, (GeV)

Uncertainty of the v flux &
cross sections reduces by
utilizing ND280 T2K
neutrino data.
Improvement from 2012
analysis is achieved.

10



v, appearance analysis

11



T2K v, event selection at Far Detector

Particle type

Enrich v, CCQE events:
Vo+NnN=2>e+p

Beam on-timing & Fully-contained
(FC) in ID

Vertex in the fiducial volume
One Cherenkov ring
Particle is identified as electron
Visible energy > 100MeV
No delayed electron signal

rejects events with invisible u,
Reconstructed v energy < 1.25GeV

rejects intrinsic beam v, at high
energy

Non-m-like e

New algorithm

We developed new algorithm
of i° rejection, and reduce
background events:

6.36 events - 4.64 events
(for this dataset)

Number of events

Number of events

# of Cherenkov rings

80
60—
40—

20

e

single ring

-10 0

—+— RUNI1-4 data
(6.393x10™°POT)

[ Osc. v, CC

1 V“'*"V“ cC

v v, CC

B NC N

(MC w/ sin"26 ,=0.1)

multi-ring

1

10

Ring-counting likelihood

ni° rejection

10

e

-100 0
Distance from n® cut line

100

—4— RUN1-4 data
(6.393x10"'POT)

I Osc.v,CC

v+, CC

[ va4v, CC

[ NC

(MC w/ sin*26,,=0.1)

200

[ e-like -like
_ <« H
30| —* RUNI-4 data
i (6.393x10*'POT)
@ [ Osc.v,CC
=] | O v.+9,CC
14 T v, CC
o | I NC
B 20 (MCwisin'26,-0.1)
St
O L
= i
g€ [
=)
Z 10
0
-10 0 10
PID parameter
# of Events at each step

400 -

Number of events
[y*]
o
o

F Cry, { ‘ri,;g like EVI'S

—+— RUNI1-4 data
(6.393x10”°POT)

[ Osc. v, CC

l:l V“'*’V“ cC

O v,+7, CC

I NC

(MC w/ sin’28,;=0.1)

Deca . f»?z 4 7Q, -



Ve Appearance Analyses

Two type of the analyses are carried out:
1. Maximum likelihood fit w/ Rate + (p, , 6.) shape
2. Maximum likelihood fir w/ Rate + reconstructed E,

AC(]Vobs.a €Z; 0, f) = ‘Cnorm(j\robs.;ga f) X ‘Cshape(x; 0, .f) X ['syst. (i)
measurement oscillation systematic parameters
variables parameter (prior: ND280 results)

180 - 3 . '
%\ 160 Ana.l 1 2 O —— T2K RUNI-4 data Ana.2
8 % B Best fit spectrum
%Q 140 &ugl;;i;(??OT) 0.8 g : Background component
<) 120 best-fit sin 220, = 0.150 : al 4 _
o 100 assuming 8p=0, 0.6 o |
— normal hierarchy, 3
an 80 Am2,[=2.4x107 eV 5 T ;. i
g 60 0.4 =L | ]
40 0.2 - |
20 30 Ea ‘
0 0 E - i
200 400 600 800 100012001400 z % 500 1000
momentum (MeV/ C) Reconstructed neutrino energy (MeV)

For Run 1-4 data (6.63x10%° POT),
4.64 + 0.53 background events

20.4 + 1.8 events expected For sin%2013=0.1, sin?2023=1, 6cp=0, normal mass hierarchy

5.50 sensitivity to exclude 613=0



Ve Appearance Analyses

* Observed 28 events (expected 20.4 + 1.8 for sin?2013=0.1)

 Comparing the best p-0 fit likelihood to null hypothesis (Analysis 1) gives a

7.50 significance for non-zero 013

(For sin22023=1, 6cp=0, and normal mass hierarchy)

Definitive observation of electron neutrino appearance !

CT2K IPrellimlinalry?

Inverted
Hierarchy

68% C.L.
— 90% C.L.
— Best fit

Runl-4 data (6.393e20 POT)
inverted hierarchy
IAmZ,l=2.4x107 eV?
sin*20,=1.0

lllllllllllllllIllllllllll

— T y . . T = —
3t TZK'Prellmlnary; o 3t
2F Normal E 2r
E Hierarchy | N
OF — swcr ] of

- — Bestfit ] B

-1+ Runl-4 data (6.393¢20 POT) = -1

N normal hierarchy ] B

) IAm2,1=2 4x107 eV? . 2F
C sin’26,,=1.0 ] C

_3 _— 1 | 1 1 1 - _3 __
0 04 0.6 0

sin22813

)
@)

04

sinZZG13

NOTE: These are 1D contours for various value of dcp, not 2D contours

14




Effect of 023 Uncertainty

0.6

{1 L L B n AN
i Normal hierarchy ] i Inverted hierarchy]

2k 68% C.L. . w2 .68% C.L. .

B sin%0,,=0.4 | [ sin%0,,=0.4 |
S ~ 5in20,,= 0.6 1 ! ~ 5in%0,,= 0.6 -
o ] i 1
ank f PDG2012 (10) oy PDG2012 (16) T
0 T2K Run 142+3+4 ] i T2K Run 1+2+3+4 ]
i AN 6.39x10% p.o.t. ] i 6.39x10°° p.o.t. ]
=TT e U o DN e L b g | W S e e e by by
0 01 02 03 04 05 06 0 03 04 05
) : 2
sin“20 (By Method 2) sin"20
* v, appearance probability also depends on the value of 0,4
P(v,2V,) = 5in”20,5 sin°0,; sin*(Am?3,L/4E)

e Future improved measurements of 623 will be important to extract
information about other oscillation parameters (including &cp) in long-
baseline experiments

A T2K combined ve+vy analysis is underway

15
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v, disappearance analysis
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Events per bin

Recent result of v, disappearance analysis

* We reported the preliminary results using Run 1-3 data (3.01*10%° POT)
earlier this year.

* Previously we gave allowed region on sin?20,3 assumed 023 < /4 (first
octant). It is realized that results depends on the choice of the 1st/2nd
octant.

2 .
P(Vu — VM) ~1- (0034 0,5 -sin” 20, +sin’ 2(91 sin’ Anjfll? :

Leading Next-to-leading

35 T e 5
30 ;* No oscillations *;
5 et 1 v, disappearance is studied using
20 65 Event observed E normalization information &
e (200.1 + 27(syst.) for null osc.)d spectrum shape.
10F |, ]

- i, R : ' .

b= L T —

N e N

17

Reconstructed Ev (GeV)



v, disappearance analysis with 3.01x10%° P.O.T. data

_ e T2K Preliminary} . g~ 0.004 T2K Preliminary} Normal
<t - N N N
NQ 0 004_— — T2K 3v (972 <m/4) 90% CL ] % B ' SK1+2+3+4 . .
2 [ - T2K 3 (0], >4) 90% CL 1= - o Hierarchy
oo [ T2K 2011 2v 90% CL 71 .62 0.0035( MINOS v, -disapp.+v,-appear.+atm| N S
£ 00035 — MINOS 2013 2v 90% CL 4 & - - - : |
g [ — SK zenith 2012 3v 90% CL 1 < I
[ —SKL/E20122V90% CL /oo . i
0.003F 0.003
0.0025
- . 0.0025
"y T2K 3v (9, <m4) best fit :
0.002— ~ T2K 3v (0_. > 7/4) best fit - : : _ '
23 : : H :
Hoovo Lo b by b b b by 1y B 0002..i....i....i....i....i..
082 084 086 088 09 092 094 096 0.98 | . 0.3 0.4 05 0.6 07
. 2 - 2
sin%(20,,) sin%(0,,)

MINQOS: taken from DPF 2013 (Alexander Radovic)

* Octant choice can significantly affect the shape of the 90% C.L. contour in
(sin®20,,, Am?,,) plane in previous results.

* We construct allowed region on (sin’0,;, Am?;, )plane.

e Best fit point was found slightly in 2nd octant.

* Allowed region on sin%0,; is consistent with other experiments. 18



Summary

* T2K has made the definitive observation of v, appearance from the
v, beam

— Using 6.39x102%° Protons-On-Target beam data (x2.1 of 2012 analysis)
obtained by the stable beam and detector operations

— Analysis improvements also contributed : Improved Near v Detector
analysis, Improved nt® background rejection at Super-K Far v Detector, etc.

— 28 candidate events over 4.6+0.5(sys.) backgrounds
— 0,3=0is excluded at 7.50

* We start constructing allowed region on (sin20,;, Am?,, ) from v,
disappearance analysis.

* We had reported the allowed region of the (sin20,;, Am?,,) plane via v,
disappearance analysis in early this year, but we realize the dependency on
the choice of the 1st/2nd octant of sin20,;.

19
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Improved 7t Background Rejection

New event reconstruction algorithm has “rt0 particle guns” MC (0-500MeV/c)
been developed based on likelihood with wb T
multi-parameters (event vertex, direction, - | New E
momentum, etc.). The parameters are e | Old E
fitted simultaneously. (cf. Previous tool is : due to missing 2nd :
search the parameter space step-by-step.) vy ring E
y 720 20 60 80 100 120 140 160 180 300
“SPhoton Reconstructed m® mass
0 e Conversions

It \ g I

V ° :S -

“qm:' O.8k

2 o6f

New algorithm has more sensitivity for lower g f

energy y’s. w04

Apply cut in 2D space of (likelihood ratio of 02

electron-like/nt° -like) vs mt° inv. mass. A

0 10 20 30 40 50 60 70 80 90 100

Better rejection power is achieved. Total B.G.
reduces:

6.36 events - 4.64 events (for this dataset) 21

True energy of the Iess energetlc Y (MeV)
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# of events/lel4 protons
o
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00
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Beam direction [mrad]
S&& b
N

1
—

Beam stability

T

Beam Intensity

T
|
|
|
|
|
|
|

T T T T T T

}

I —+— Horn 250kA data
}
I —+— Horn 205kA data
]
}
]
|

lllllllllll'l-

(INGRID)

* POT normalized v event rate is very stable (<1%)

+ . | . —

et oo et et v-+* - — bt MDA =
1 | |

1 | | —_

1 | | —

Run 1 I : Run 3 : Run 4 =

— — + :‘ S ' —— $ :

. . | | H H 3 _:.

Beam Direction ! ! —— IIon.zonta.l dm.:ctlon =

I | —&— Vertical direction =]

1 | | ]

1 | ] —

. 4 o —&— —

+-—+—o—+—<+ a Al s e —— ey

— ; S & —— ————— S

e I : —=

’_4’_1 I I _E

1 | } —

T2K Runl ! | T2KRun3 : T2K Rund =

Jan.2010-Jun.2010 Nov.2010-Mar | Mar.2012-Jun.201 I Oct.2012-May.2013 —=

" s \ | y ) L M M N M M M 1 M | - | M M M 1 M M M 1 —

ay

Stability of beam direction/intensity is monitored by On-axis neutrino detector

* Beam direction is controlled well within the design requirement of 1mrad (= 2%
shift in the peak energy of v spectrum)
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Composition

v,CC sample classification : CCOm, CC1nt*, Ccother

ND280 constraint

* In 2012 analysis, 2 categories : CCQE-like (1 track) & CCnonQE-like (2 tracks)
* Much better samples for constraining CCQE & CC1x cross section parameters

Data are binned in two dimensions : u momentum (p) and angle (cos0)
* Finer binning than 2012 analysis

CCQE
Resonant
DIS
Coherent
Other

63.5 %
20.2 %
7.5%
1.4 %
7.4 %

CCQE
Resonant
DIS
Coherent
Other

53%

39.5 %
313 %
10.6 %
13.3 %

CCother

CCQE
Resonant
DIS
Coherent
Other

3.9%
14.3 %
67.8 %

1.4 %
12.6%
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Predicted Number of v, Candidate

F\Le-nts Predicted # of events w/ sys. error
Predicted # of events w/ 6.393x10%° p.o.t. I

_ . a w/o ND meas. 7
Category sin220,;,=0  sin?20,;,=0.1 o Bl w/ ND meas. ]
v, signal 0.38 16.42 § o sin220,,=0 ]
g i in20,, = 1
v, BG 3.17 2.93 E PRER I
8 - Normal hierarchy
v, BG 0.89 0.89 S f
v, +V, BG 0.20 0.19 - p e *
Total 4.64+0.52 20.44+1.80 S T R N
wfsin?20,5=0.1% g Noow
Systematic Uncertainties 2 1500t Sy’ .
=} | (Normal hierarchy)
b B 6cp=0
Source sin220,,=0 =0.1 210064 107 o
Flux + vint. (\Dmeas.)  4.9% 3.0% o
v int. (from other exp.) 6.7 % 7.5% 00:
SU per_K +FSI+SI+PN 73 % 35 % Expected number of signal+background events
Total 11.1 % 8.8 % Uncertainty reduced much by

Total (2012) 13.0 % 9.9 % the ND measurement 25



Number of events/40nsec

Selection of T2K beam neutrino event
at Super-Kamiokande

e Select PMT signals in a interval (1ms) at expected arrival time of beam
neutrinos.

Super-Kamiokande

Mt.Ikenoyama

Observed SK event timing Observed ND280 event

(relative to beam arrival time)

timing
(relative to beam time)

Accelerator issues

30|~ B RUNI42 (1.431x10°P0T) time stamp to ND280,
i RUN3  (1.579x10™POT) d tO SU er-K
an- p. @ 1200 T T
! delivered via Network |o @
201 T 1000~
- o ol
L 8oo |
ER
i ) O so0[- |
101 Clearly micro-bunch ok |
structure observed in Super- -
200 |} it .l
K and ND280. SIEERRE
6000 8000 10000

C . NN
01000 0 1000 2000 3000 4000 s000 = Timing is well controlled. 0 2000 4000
AT, (nsec)

Signal timing [ns]
26



3. Near neutrino detectors
(@280m downstream)

SMRD (magnet york)

INGRID
Off-axis

Off-axis detector (ND280)

- measures v flux/spectrum before

oscillations @2.5° off-axis angle

0.2T dipole magnet

Fine Grained Detectors (FGDs) x2
1.6ton fiducial mass target + tracking

On-axis detector (INGRID) Time Projection Chambers (TPCs) x3

- direct v beam day-by-day monitoring PID by dE/dx in gas, resolution <10%
(direction, intensity and profile) P@D (n° detector)

- 16 cubic modules. Sandwich of iron ECAL (Electromagnetic calorimeters)
plates and scintillator planes SMRD (Side Muon Range Detector)27

V

On-axis




Predicted Number of Events at Each Cut
308 272 594

w/ sin?20,,=0.1

I
15.0 25.6
234 144 765 325 248 6.393x10?°POT
135 92 216 166 215
(4) e-like 5.3 9.1 149 293 212 unit = events
GO G 35 91 127 252 209
07 74 106 187 186
P 02 35 80 118 179 —
(8)  fiTQunn®cut IEIN0ICRC! 0.9 4.0 164 < Hew tut
<0.1%  20%  03% 07%  64%

Old Cut
CEEGEINE 012 32 23 | 56 168 <—

<0.1% 21%  0.8%  0.9%  66%

NC BG reduced to ~40% compared to previous v, selection
with keeping signal efficiency high 28



v, disappearance (v, —>v, oscillation) in T2K

Investigate skew of energy spectrum of v, with CCQE v, enriched
sample

v, 2V, 2-flavor oscillation

CCQE scattering

M Null oscillation
B (sin?20,Am?)=(1.0,2.4E-3)
V“ s . \ 0 (sin?26,Am?)=(1.0,1.0E-3)
n (sin?26,Am?)=(1.0,3.0E-3)
\ L
P

Selection Criteria:
e T2K beam timing & FCFV

* 1 Cherenkov ring

Counts / 50MeV (a.u.)

*  muon-like

0.5 1 1.5 2 2.5 3

 one or 0 delayed electron signals . ) eV]
Reconstructed Neutrino Energy [GeV]

*  Muon equivalent momentum > 200MeV/c

. _ 2
CCQE ~ 50%, (after v osc.) E - B —m /2

CCLm (VEN-> A uN'+7t) ~ 30%, my - E, + p,-cos,
NC ~ 6% (mainly t+- and proton)

29



Experimental Setup:
1. J-PARC Accelerator and Experimental Facility

R ..
Target Station

v Near

Detectors Loz = Neutrino Beam
(ND280) .

for

e P SN
30GeV i
Main Ring Synchrotron 2

Bird’s eye photo in July. 2009

* 30GeV Proton synchrotron
* 6 bunch (before Autumn 2010)
* 8bunch (2010 Autumn -)

e 581ns interval
* "~ 0.3 Hz repetition rate
* Construction finished 2008 JFY

Fast Extraction
- pulsed neutrino beam

* Accelerator facility, beam
monitors, neutrino
detectors are stably running

* Today’s reults based on
before last summer
(3.01x10%° P.O.T.)

Protons on Target

300
250
200
150
100

50

Delivered POT (Good Spill) [ ]
Great East Japan

@®  Proton per pulse (Good spill)

[ 5 (March 11,2011)
~
W ¢4 [ Recovering facility
I o~ L/ (acc., beamline etc.)
ol BRI ——>..
\[ ol / Beam re-commissioning,
Run 1 * ‘Run 2 Repairing horn power
k) s supply

w Earthquake

Apr/01 Jul/02 Oct/01 Dec/31 Apr/02 Jul/02 Oct/01 Jan/01 Apr/01

X

-

A
N

(o2}
o

(=2
o

protons per pulse

w
o



2. Neutrino Beam line

e < — - -
50@ \ Graphite target (21mm¢, 90mm)

=%z, | 3 magnetic horns (250kA currently)
:_‘;..f‘:'n}na

Aimn oumnap

N £-on Buppng

—

Decay Volume

uoes -
jedaid

(110m length) § 5k
S g Extraction point
off-axis [

on-axis

- v flux/spectrum

vV oEanT aImecuonT

- cross sections
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Other studies in T2K

Cross section measurements

— Preliminary results from the
flux averaged v ,CC inclusive
cross section measurement

5 (10°%cm?)

3.5

3

I
5

-------- NEUT prediction for SciBooNE
NUANCE prediction for SciBooNE
---EF--- SciBooNE data based on NEUT

—&—— SciBooNE data based on NUANCE
—#&—— BNLT7ft

T2K v, flux
NEUT prediction for T2K ]

05 ——— GENIE prediction for T2K —]
—e— T2K data E

o) SSrEs S . | T [ S U (NSNS S NS ST S ST S S [
0 0.5 1 15 2 25 3 35
<E,>=0.84 GeV E, (GeV)

Nuclear g-rays from de-excitation of residual nuclei
(1°0, °N,..) induced by Neutral Current scattering of v.

ex.) v+10 =2 v+p+1°0* - y(6MeV) + residuals.

Sterile neutrino search at T2K using NC nuclear de-

excitation y-rays

— Preliminary results w/ Run1+2 data

and more ...
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Real data

MC

simul

No. of hit PMT

/ 3nsec

350 |
300
250
200
150 ©
100 -

50 ©

Of‘\.
600

Calibration of the detector

Detailed Calibration works has been done
intensively with in-situ & ex-situ sources:

(pulse laser, CRu, electron LINAC, ..)
* Timing response of PMTs

e Gain of PMTs

 Water transparency measurement
 Detector Uniformity ...

Well test the event reconstruction
performance

* Vertex, direction

e Particle identification

* Energy reconstruction, ...

MC

Data

P

been developed based on
measurements of fundamental

800 1000 1200

PMT signal time (ns)

i

200 parameters & available models.

n

S

e

C)

Full Monte Carlo (MC) simulation has
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Stability

Key issue is a water quality.
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Keep water quality by continuous purification of
the water. Return to
* Carefully control the flow inside Super-K Water system §
e Water transparency is continuously monitored and

taken into account in event reconstruction.
* 1% level stability of energy estimation.

3.5MeV-4.5MeV
Event distribution

Purified
Water supply
—

0
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# of Events

Entries / (100 MeVi/c)

ND280 v_.CC and NC wt° checks

ngh energy V, events (PQ)D) NC ° events (P@D)
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Flux prediction

Full simulation based on measurements:
e T2K proton beam profile measured by beam

monitors

* 1, K production cross section tuned mainly
by NA61/SHINE(@CERN) measurements:
hadron (7t/K) production with 30GeV protons

and a graphite target

Neutrino interactions

* NEUT model is used as a baseline.

* Uncertainties are set from fits to MiniBooNE data
— Similar v energy, multiple differential cross-section
— K2K, SciBooNE data sets used as cross check

* Pion interactions in nuclei

— Semi-classical cascade model

[1/(GeV/e))

do

Gpn\i dp

10°

10'F

107

NA61 tt data

Phys.Rev.C 84,
034604 (2011)
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Far Detector (Super-K) Systematics

Dominant error coming from the ring-counting, PID, n° rejection cuts

- bestfit — A x?<1 [ |total 1-c error
Error for v,CC components : §, TrmeE
St o

— Number of events in each (p, _123‘?,&..&%».4,*,*.H{} B8 et

atmospheric v control sample = | VeCC;

evaluate the sys. errorson effi "miemier s = = -
Error for m° BG components : Rec. E, W/ total SK sys. errors
— 7t topologlcal control sampg 1
owe o —"g electros ;
°';2 . hybrid n° datai hvb dé o-ef
S T hybridaomc § Y (hybrics oz]
0:06; - -+ é Rec. v Energy (MeV)
°'°“§ - e * SK systematic error on predicted # of ne candidates
0.02[ = . . . .

I M SO is reduced (thanks to the new nt° rejection)

L e L |, ey
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fiTQun % e likelihood ratio 3.0% (2012) = 2.4% @sin*26,=0.1



Non-zero 0,5 search

In 2011 June, T2K reported the first indication of 0,520 (2.50) using the data
before the earthquake. pRL 107, 041801 (2011)

A solid confirmation of 6,20 had been given by reactor neutrino

experiments.

Establishment of ne appearance is very important for CP violation & mass

hierarchy problem

10 confidence intervals significance
Y Pa— T2K 3.20
% ~ (2012)
2 ° e MINOS  1.70
2 PRL 107,04180 (2011)
<
Y ° Double CHOOZ 3.10
S Neutrino 2012, (May 2012)
© ——
S0 . Daya Ba 7.70
g @ Normal hierarchy Neutrino 201¥,(May 2(}112)
§ ® | O) Inverted hierarchy ¢ RENO
m 5 | | ‘ | | ‘ | | | ‘ | | ‘PRL\ 19\8’19\180\2(2912\) | 4\-. 9\0
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